Objective: To investigate the rate and mechanism of oxygen consumption by the vitreous.
A

GE-RELATED CATARACT IS
the leading cause of blindness worldwide, with almost 20 million individuals bilaterally affected. In developing countries, 50% to 90% of blindness is caused by cataracts. 1 In the United States, surgical removal of cataracts is the most frequently performed ophthalmic surgery, at an annual cost to the US Medicare system of $3 billion. 2 Preventing cataracts requires an understanding of the pathogenic mechanisms of lens opacification.
Increased exposure of the lens to molecular oxygen is implicated in the pathogenesis of nuclear sclerotic cataract, the most common type of age-related cataract. It is well established that oxidative damage to proteins in the center of the lens, the lens nucleus, is a hallmark of the disease and plays a central role in opacification. 3, 4 Under normal physiologic conditions, the human lens exists in an environment with very low oxygen partial pressure. [5] [6] [7] Nonphysiologic conditions demonstrate the potential effect of increased oxygen exposure on the lens. Nearly 50% of patients undergoing long-term hyperbaric oxygen therapy developed nuclear cataract in 1 to 3 years. 8 Shorter-term hyperbaric oxygen exposure caused a myopic shift, an early symptom of nuclear sclerosis. [8] [9] [10] [11] Vitrectomy surgery, a procedure in which the vitreous gel is removed from the eye and replaced with saline, usually during surgery for retinal disease, causes rapid progression of nuclear cataracts, resulting in the need for cataract surgery in 60% to 95% of patients within 2 years. [12] [13] [14] [15] The distribution of oxygen in the eye is tightly regulated. Under physiologic conditions, oxygen diffuses from the retinal vasculature into the vitreous gel near the surface of the retina. [16] [17] [18] [19] [20] Simultaneously, the lens is maintained under hypoxic conditions. 6, 7, 21 Consequently, there is a gradient of oxygen concentration in the vitreous body between the retina and the lens. 16, 18, 19, 22, 23 After vitrectomy surgery, the oxygen gradient is reduced or absent and the lens is exposed to increased oxygen. 7, 22 Oxygen levels are lowest in the center of the vitreous gel, suggesting that the vitreous may consume oxygen.
We hypothesized that the intraocular oxygen concentration gradients in the posterior segment of the eye are actively maintained by the vitreous body. 24 An intact gel structure is critical to this process. Loss of the structure of the vitreous body, as a consequence of either agerelated degeneration 24 or vitrectomy, [12] [13] [14] would lead to increased exposure of the lens to oxygen from the retina and increased risk of nuclear cataracts.
The experiments reported herein demonstrate that human vitreous gel consumes oxygen by an ascorbatedependent mechanism. More intact gel vitreous had a higher concentration of ascorbate and consumed oxygen more rapidly than the liquefied vitreous resulting from age-related vitreous degeneration or previous vitrectomy. Therefore, loss of the vitreous gel structure correlated with loss of vitreous function. This may account for the increase in PO 2 near the lens and the rapid progression of nuclear cataracts that occurs after vitrectomy or advanced vitreous liquefaction.
METHODS
OXYGEN CONSUMPTION BY VITREOUS FROM CADAVER EYES
Vitreous was extracted from cadaver eyes within 12 to 48 hours after death 24 or obtained at vitreous surgery (see "Oxygen Consumption by Vitreous Obtained at Surgery" section). Cadaver vitreous was frozen at −80°C for up to 1 week. Liquid vitreous was transferred to a custom-designed glass tube. Care was taken to exclude air bubbles. The tube was sealed, and a modified PO 2 optical oxygen sensor was inserted through a septum in one end (Oxylab; Oxford Optronics, Oxford, England). Transfer of the sample to the tube exposed the vitreous to room air, increasing the oxygen level from its normal low level in the eye of approximately 10 mm Hg 7 to greater than 100 mm Hg. The tube was placed on a heating block at 35°C in the dark. Oxygen consumption was measured for at least 2 hours. Aliquots of vitreous were immersed in boiling water for 10 minutes. The vitreous was cooled and tested for its ascorbate concentration (3 samples) and ability to consume oxygen (5 samples). Oxygen consumption was also measured after adding EDTA, a chelating agent for divalent and trivalent cations, to a final concentration of 10mM (7 samples), or deferoxamine mesylate, an iron chelator, to a final concentration of 100µM or 500µM (3 samples). Cadaver vitreous was also pretreated with 1 to 2 U of ascorbate oxidase (Sigma-Aldrich Corp, St Louis, Missouri) to test the dependence of oxygen consumption on ascorbate (12 samples). Samples of cadaver vitreous were stirred for 48 hours at room temperature while being exposed to a stream of moist 5% oxygen and 95% nitrogen (5 samples). Untreated vitreous, oxygen-treated vitreous, and aliquots of oxygentreated vitreous to which ascorbate had been added were assayed to determine the rate of oxygen and ascorbate consumption. Ascorbate was also dissolved in water that had been purified by ion exchange and reverse osmosis (Milli-Q; Millipore Corp, Billerica, Massachusetts) and tested for oxygen consumption and ascorbate degradation (5 samples).
ASCORBATE MEASUREMENTS
Ascorbate concentration was quantified in triplicate, based on the ability of ascorbate to reduce Fe 3ϩ to Fe 2ϩ and the resulting change in the A 525 of complexes of Fe 2ϩ with 2,2Ј-dipyridyl. 25 This assay was modified to permit the analysis of 15-µL samples. A freshly prepared standard curve was used for all measurements. The specificity of this assay for ascorbate in the vitreous was assessed by means of gas chromatographymass spectrometry (GC-MS) on a subset of vitreous samples and on the ascorbate standard used for the colorimetric assay. A standard 3-port pars plana vitrectomy was performed on each study eye. Before the infusion was turned on, a 1-mL syringe was connected to the vitrectomy probe and 0.25 to 0.3 mL of vitreous was slowly drawn from the center of the vitreous cavity. In the operating room, a 50-µL sample of vitreous was removed and stored on dry ice for ascorbate assay. The remainder of the undiluted vitreous sample was immediately transferred to a microrespirometer, as described in the "Oxygen Consumption by Vitreous From Cadaver Eyes" section. Oxygen consumption (microliters per milliliter per hour) was recorded for at least 2 hours, although to provide the most sensitive and accurate measures we reported the rate of consumption during the first 30 minutes of measurement. Samples that consumed oxygen most rapidly during the first 30 minutes also consumed oxygen most rapidly during the final 30 minutes (data not shown).
SCORING VITREOUS LIQUEFACTION
A grading method for human vitreous liquefaction was established for the purposes of this study. Before the starting measurement of oxygen consumption was determined by the method described earlier, the elasticity and viscosity of a sample of vitreous was assessed on a 5-point scale from 1 (firm gel) to 5 (most fluid) by the investigator handling the samples, an experienced ocular surgeon (Y.-B.S.). The retinal surgeon (N.M.H.) independently scored the condition of the vitreous on the basis of its physical appearance during vitrectomy, using the same 5-point scale. In most cases, the same score was assigned by the 2 independent evaluators and grades never differed by more than 1 point. In the 6 cases in which grades differed, they were averaged to provide a final grade for each patient before the results of oxygen consumption and ascorbate levels were known.
STATISTICS
Samples were compared by 1-way analysis of variance and linear regression (Instat; GraphPad Software Co, La Jolla, California). Statistical significance was considered to be PϽ.05.
RESULTS
OXYGEN CONSUMPTION IN HUMAN VITREOUS
In vitreous from cadaver eyes, PO 2 rapidly decreased from approximately 100 mm Hg, usually reaching undetectable levels within 2 hours. A representative oxygen consumption curve from a donor eye is shown in Figure 1A .
Ascorbate (vitamin C), which is reported to be found at a high concentration in the human eye, has been postulated to react with oxygen in the ocular fluids. [26] [27] [28] We measured ascorbate levels in vitreous by colorimetric assay and confirmed the presence of ascorbate and the accuracy of the ascorbate assay by GC-MS ( Figure 1B ; Table 1 ). Depletion of ascorbate by treating the vitreous with ascorbate oxidase eliminated its ability to consume oxygen (not shown). Pretreating human vitreous with a stream of 5% oxygen for 48 hours greatly slowed its subsequent ability to consume oxygen (Figure 2A , solid circles), compared with untreated vitreous (Figure 2A , solid diamonds). Supplementing oxygentreated vitreous with ascorbate restored its ability to consume oxygen in a dose-dependent manner ( Figure 2A , solid triangles and solid squares). Ascorbate dissolved in water purified by ion exchange chromatography and reverse osmosis (Milli-Q water purifier; Millipore Corp) did not consume detectable quantities of oxygen ( Figure 2A , solid diamonds). Ascorbate levels decreased substantially during exposure of vitreous to oxygen, indicating that ascorbate was consumed during exposure ( Figure 2B ).
To test whether cellular mechanisms or endogenous enzymes might be responsible for the reaction between ascorbate and oxygen, samples of vitreous were immersed in boiling water for 10 minutes. Although heating decreased ascorbate levels by approximately onehalf (Table 1) , the vitreous still consumed oxygen at rates that were similar to those of untreated cadaver vitreous with similar levels of ascorbate (not shown). Addition of EDTA to vitreous samples to a final concentration of 10mM did not reduce the rate of oxygen consumption and may have slightly stimulated oxygen consumption ( Figure 2C ). As reported previously, cupric ions (10-100µM) catalyzed the reaction of ascorbate with oxygen in a model reaction. 28, 29 Addition of 1 to 10mM EDTA prevented this reaction (not shown). Addition to human vitreous of 100µM deferoxamine, an iron chelator that inhibits the ability of iron to catalyze oxidation reactions, 30 reduced oxygen consumption by 30% to 50%
( Figure 2D ). Increasing the concentration of deferoxamine to 500µM did not further decrease oxygen consumption (not shown).
EFFECT OF LIQUEFACTION OF THE VITREOUS
To determine whether oxygen consumption by cadaver vitreous might be the result of postmortem changes in the eye, undiluted samples of vitreous gel were obtained from consenting patients at the initiation of vitrectomy surgery. Fresh vitreous consumed oxygen at rates comparable to that of samples from postmortem eyes ( Figure 3A) . Because loss of the gel structure of the vitreous body is a risk factor for nuclear cataract formation, we examined the effect of vitreous liquefaction on the ability of the vitreous to consume oxygen. The rate of oxygen consumption was measured in 62 patients undergoing vitrectomy surgery for common retinal diseases ( Table 2) . Sixty-six patients were recruited for the study. Four patients were excluded, 2 because of malfunction of the oxygen probe and 2 because the eye became too soft intraoperatively to safely collect vitreous samples. Of the patients included in the study, 15 had had previous vitrectomy surgery and, therefore, had little or no vitreous gel. In the remaining 47 patients undergoing their first vitrectomy, the gel state of the vitreous body was assessed on a 5-step scale, with a score of 1 denoting firm gel vitreous, and 5, fully liquid vitreous.
The rate of oxygen consumption for individuals with vitreous of different gel grades is shown in Figure 3A . Samples with more gelled vitreous (score Յ3) had the highest rate of oxygen consumption. Samples with a more liquefied vitreous (score Ͼ3) and samples from individuals who had had previous vitrectomy surgery consumed oxygen at significantly lower rates (P Ͻ.001 and P = .002, respectively). The rates of oxygen consumption in eyes with more liquefied vitreous and previous vitrectomy were not significantly different from each other. For eyes that had not undergone previous vitrectomy surgery, regression analysis showed that the initial rate of oxygen consumption and the gel state of the vitreous were linearly related, with a slope that was significantly different from 0 (PϽ .001; Figure 4A , dashed line).
Ascorbate concentration was determined in 48 of the 62 samples in which oxygen consumption was measured. The mean (SD) ascorbate level for all subjects tested was 1.46 (0.82) mmol/L. Ascorbate concentration showed a relationship similar to that of oxygen to the gel state of the vitreous ( Figure 3B ). Samples with more gel vitre- ous had higher levels of ascorbate, while samples with more liquefied vitreous or samples from eyes with previous vitrectomy had ascorbate levels that were approximately 40% lower (P = .002 and Ͻ.001, respectively, for each). There was no significant difference between the ascorbate concentration in the vitreous of individuals with advanced vitreous liquefaction and those with previous vitrectomy. For individuals with no previous vitrectomy, the relationship between ascorbate concentration and vitreous liquefaction could be described by a straight line with a slope that was significantly different from zero (P=.02; Figure 4A, solid line) . Comparison of the ascorbate concentration and oxygen consumption for each of the 48 samples in which both were measured showed that ascorbate concentration was linearly associated with oxygen consumption (P = .03; correlation coefficient, 0.32; Figure 4B ). Despite this association, it appeared that at least 1 unknown factor influenced the relationship between oxygen consumption and ascorbate concentration because some samples with high ascorbate levels had unexpectedly low oxygen consumption and some samples with lower levels of ascorbate showed relatively high oxygen consumption ( Figure 4B ).
Multiple regression analysis examining the effects of age, sex, diabetes mellitus, panretinal photocoagulation, posterior vitreous detachment, previous cataract surgery, degree of vitreous liquefaction, rate of oxygen consumption, and ascorbate concentration showed that age was significantly associated only with a lower chance of being diabetic (P = .002) and greater likelihood of having had cataract surgery (P = .001). Greater vitreous liquefaction was associated with previous cataract surgery (P=.02), lower oxygen consumption (PϽ.001), and lower ascorbate concentration (P = .04).
COMMENT
It has been suggested that the main functions of the vitreous gel are to maintain the volume of the globe and provide optically clear media. Consumption of oxygen in an ascorbate-dependent manner identifies a novel biochemical property of human vitreous and links it to an important physiologic function. Oxygen consumption by the vitreous may serve to maintain lower levels of molecular oxygen near the lens, protecting the lens from nuclear cataract.
Identification of the relationship between vitreous liquefaction, ascorbate concentration, and oxygen consumption required a method to estimate the gel state of the vitreous. We evaluated several methods to determine the extent of vitreous liquefaction, including magnetic resonance imaging, high-resolution ultrasonography, optical coherence tomography, rheology, and dynamic light scattering. Our pilot studies indicated that none was sufficiently sensitive or suited to assess the degeneration of the vitreous and also readily applicable to clinical specimens obtained during surgery (data not shown). We developed a subjective scoring system to assess liquefaction, performed by 2 experienced investigators in a masked fashion. The agreement between the evaluators using this method suggested that it provided an adequate scoring system until an objective, clinically feasible method is identified and validated.
The concentration of ascorbate in human vitreous is remarkably high. In this study, the mean concentration of ascorbate in the vitreous from eyes with a more intact gel (score Յ3) was approximately 2 mmol/L, whereas blood levels are only 50 to 60 µmol/L, a 33-to 40-fold difference. 31 The specificity and accuracy of the colorimetric assay for vitreous ascorbate used for all clinical specimens was confirmed by GC-MS analysis using an internal standard of uniformly labeled 13 C-ascorbic acid. A previous study, 27 which used high-performance liquid chromatography with UV detection to measure ascorbate in vitreous humor from patients with a variety of retinal diseases, detected levels of ascorbate between 0.7 and 2.5 mmol/L, a range similar to that found in this study. The function of the high level of ascorbate found in human vitreous has received surprisingly little experimental evaluation. The ability of ascorbate to scavenge free radicals and the high level of ascorbate in the eyes of diurnal animals suggested that the vitamin might protect against oxidative or photo-oxidative damage. 32, 33 Pirie 26 noted that ascorbic acid in aqueous humor was degraded more rapidly in light and concluded that light stimulated the reaction of ascorbate with oxygen to produce hydrogen peroxide, although oxygen was not measured and the method used was later shown to report excessive levels of hydrogen peroxide in the presence of ascorbate. 34 Eaton 28 speculated that the reaction of ascorbate with oxygen might protect the lens from oxidative damage and showed that addition of porcine aqueous or vitreous humor to solutions of ascorbate and copper sulfate stimulated oxygen consumption. However, Eaton did not indicate whether the intraocular fluids consumed oxygen without added copper. Our study demonstrated that ascorbate metabolizes molecular oxygen in undiluted human vitreous without an exogenous catalyst and in a manner that is not dependent on light. Together with previous measurement of oxygen gradients in the human eye, 7 this observation demonstrates, as Eaton predicted, that oxygen is continually removed from the vitreous by reaction with ascorbate.
The reaction between ascorbate and oxygen produces dehydroascorbate and hydrogen peroxide. Hydrogen peroxide reacts with another molecule of ascorbate to produce dehydroascorbate and water or may be directly converted to water by catalase in the ocular fluids. 35 Unless reduced to ascorbate by cellular enzymatic activity or extracellular glutathione, dehydroascorbate rapidly hydrolyzes to 2,3-diketogulonic acid. 36 The concentration of glutathione in human cadaver vitreous is reported to be 0.23 mmol/L, nearly 10 times lower than that of ascorbate. 37 Glutathione is, therefore, unlikely to regenerate a significant amount of ascorbate. Although both ascorbate and oxygen are consumed in the vitreous, ascorbate is replenished by active transport from the blood by the ciliary epithelium. 38, 39 The concentration of ascorbate in the vitreous is maintained by a sodiumdependent ascorbate transporter (SLC23A2) in the pigmented layer of the ciliary epithelium. 40 The rat ortholog of this transporter shows half-maximal saturation at an ascorbate concentration of approximately 10 µmol/L, ( well below the concentration in human blood. 40 Unless ascorbate transport by human ciliary epithelial cells is markedly less efficient than that in rats, dietary supplementation with ascorbate is unlikely to significantly increase the concentration of ascorbate in the vitreous. This is consistent with the results of recent interventional trials, which found that dietary supplementation with vitamin C did not protect against nuclear cataract.
41,42
The heat-stable catalyst in vitreous that promotes the reaction between ascorbate and oxygen is not known. The oxidation of ascorbate by oxygen can be catalyzed by metal ions, such as copper or iron, and trace concentrations of metals have been detected in human vitreous. 28, 43, 44 However, although 1mM to 10mM EDTA completely prevented copper from catalyzing the oxidation of ascorbate by oxygen in a model reaction, treatment of vitreous with 10mM EDTA slightly enhanced the consumption of oxygen by vitreous humor, as described previously for Fe 3ϩ -EDTA complexes. 29 Deferoxamine, which binds iron and inhibits its ability to catalyze oxidation reactions, 30 only partially inhibited the ascorbate-dependent consumption of oxygen. This suggests that free iron contributes to this reaction, but that at least 1 other catalyst is involved. Variations in the rate of vitreous oxygen consumption that were not accounted for by the concentration of ascorbate might be explained by variations in the level of 1 or more catalysts in human vitreous. The identification of these agents is required before this possibility can be directly tested.
This study found that gel vitreous has a higher concentration of ascorbate and consumes oxygen at a faster rate than does liquid vitreous (ie, vitreous gel that has undergone age-related liquefaction or surgical removal). A standing concentration gradient of oxygen is found near the retinal vessels, providing a major source of oxygen to the vitreous. 16, 19, 23 We propose that, when the vitreous is mostly in the gel state, oxygen diffusing into the gel from these vessels is taken up and metabolized by nearby retinal tissue, as shown by oxygen microelectrode studies in experimental animals. 23 However, when the vitreous liquefies, oxygen diffusing from the retinal vessels is readily carried away and distributed throughout the eye by fluid currents generated by convection and movement of the eyes or head. 24, 45 Therefore, as suggested previously, the critical difference between gel and liquid vitreous may be the extent of mixing that occurs in each. 45 The more that oxygen is mixed with the vitreous fluid, the more opportunity it will have to react with ascorbate. If the rate of transport of ascorbate into the eye is constant, the net result of increased mixing would be a lower concentration of ascorbate in the vitreous fluid, slowing the consumption of oxygen and permitting more oxygen to reach the lens. This hypothesis is consistent with previous studies, 7, 22, 46 in which vitreous oxygen tension was higher in eyes that had undergone vitrectomy or experimental destruction of the vitreous gel than in eyes with undisturbed vitreous.
There is ample clinical evidence that destruction of the vitreous gel contributes to nuclear cataract formation. Stickler syndrome, which results from mutations in COL2A1, the major collagen forming the vitreous gel, is a constellation of pathological severe myopia, retinal detachment, early vitreous liquefaction, and nuclear cataract. 47 Several studies have reported that eyes with severe myopia, a condition associated with early-onset vitreous liquefaction, develop nuclear cataract more frequently or at an earlier age. [48] [49] [50] We previously found that liquefaction of the vitreous gel is a risk factor for nuclear opacities. 24 Finally, in individuals older than 50 years, vitrectomy surgery is associated with a 2-year incidence of nuclear cataract formation of up to 95%. [12] [13] [14] Importantly, the increased risk of nuclear cataract is avoided when retinal surgery is performed in a manner that preserves the gel structure of the vitreous body. 51 These clinical scenarios suggest that liquefaction of the vitreous gel may be a unifying step leading to nuclear cataract.
On the basis of interactions between the gel state of the vitreous, ascorbate concentration, intraocular oxygen levels, and the formation of nuclear opacities found in this and previous studies, it should be feasible to formulate strategies to delay or prevent nuclear cataracts. These could include restoring the gel vitreous after vitrectomy or supplementing ascorbate to the vitreous cavity. If these or similar treatments reduced the progression of nuclear sclerotic cataract, they would provide experimental confirmation of the importance of the gel vitreous in preventing nuclear cataract and make a significant step toward preventing this costly and debilitating disease. 
